Higgs picture of the QCD- vacuum 



C. Wetterich 1 

Institut fur Theoretische Physik 
Universitat Heidelberg 
Philosophenweg 16, D-69120 Heidelberg 



February 2, 2008 
Abstract 

The functional integral for QCD is reformulated by introducing 
explicitly an integration over the fluctuations of composite quark- 
antiquark bound states. Chiral symmetry breaking by the color sin- 
glet scalar field induces masses for the fermions. Our formulation with 
scalar fluctuations may be useful for lattice gauge theories by modify- 
ing the spectrum of the Dirac operator in the vacuum and permitting 
a simple connection to chiral perturbation theory. We propose that a 
"condensate" of quark-antiquark bound states in the color octet chan- 
nel generates masses of the gluons by the Higgs mechanism. A simple 
effective action for quarks, gluons and (composite) scalars yields a 
surprisingly good description of the charges, masses and interactions 
of all low mass physical excitations - baryons, pseudoscalars and vec- 
tor mesons. Dressed quarks appear as baryons and dressed gluons as 
vector mesons. 
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1 Introduction 



An analytic description of the vacuum in QCD remains a central goal in 
quantum field theory. We have witnessed convincing progress of numerical 
simulations of QCD on a lattice. Still, even an approximate analytic under- 
standing would be a highly valuable complement. Computations of strong 
cross sections and decay rates are very hard in lattice QCD. Simulations have 
a long way to go before the properties of nuclei can be explained. Further- 
more, a huge present and future experimental program tries to gather infor- 
mation about the QCD phase transition and the phase diagram as function 
of baryon density and temperature. Simulations for high baryon density are 
notoriously difficult and an analytical understanding would be very helpful. 

A key issue for the simplicity and success of an analytical description is an 
efficient description of the relevant degrees of freedom. In QCD the relevant 
degrees of freedom depend on the momentum scale. Processes involving high 
momenta (more precisely high virtuality) are well described by quarks and 
gluons. Perturbation theory based on the microscopic action for quarks and 
gluons with a small gauge coupling yields reliable results. In contrast, the 
relevant degrees of freedom at long distances or small momenta are mesons 
and baryons. An efficient description of the vacuum should therefore involve 
degrees of freedom for the low mass mesons. Typically, the lowest mass ex- 
citations in the QCD vacuum should comprise the pseudoscalar meson octet 
and singlet (77'), the vector meson octet and the baryon octet in the respective 
channels. We observe that this spectrum of real QCD differs strongly from 
pure QCD (gluodynamics) without quarks where the low excitations consist 
of glueballs. This simple fact suggests that an efficient analytic description 
of real QCD at low momentum differs substantially from gluodynamics. As 
the momentum scale is lowered an analytic description of real QCD should 
effectively switch from gluons and quarks to mesons and baryons. 

The most prominent long distance degrees of freedom are scalar quark- 
antiquark (qq) bound states. The expectation value of such a composite 
scalar field induces spontaneous chiral symmetry breaking. The excitations 
of this scalar field describe then the associated (pseudo-) Goldstone bosons 
7r, K, f] as well as the 77'. Our first task for an analytic description will there- 
fore be to supplement quarks and gluons by the degrees of freedom for com- 
posite scalar (and pseudoscalar) meson fields. In the first part of this work 
(sect. 2) we will reformulate the functional integral for QCD in an exactly 
equivalent form which comprises an integration over explicit scalar degrees of 
freedom. These scalars are of minor importance at high momenta but become 
crucial for the properties of the vacuum. Besides the analytical advantage of 
a simple connection to chiral perturbation theory this reformulation may also 
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offer important benefits for lattice simulations. The spectrum of the Dirac 
operator acquires a mass gap even in the chiral limit and the contact to chiral 
perturbation theory at long distances should become straightforward. 

Concerning the QCD phase transition the task for an analytical descrip- 
tion becomes even more involved: the formalism should now describe simul- 
taneously quarks, gluons, mesons and baryons. Above the critical temper- 
ature a quark gluon plasma is a valid approximation and explicit mesons 
or baryons play no important role. In the hadron gas below the critical 
temperature the mesons (and baryons) dominate whereas quarks and gluons 
become irrelevant. A simple analytical description has to capture all these 
degrees of freedom and provide for a mechanism explaining why their relative 
importance changes abruptly as a function of temperature. 

Associating spontaneous chiral symmetry breaking with the phase transi- 
tion yields a simple explanation why the quarks disappear from the relevant 
spectrum below the critical temperature. T c : the fermions get massive for 
T < T c . What is needed is a similar mechanism for the gluons. For the 
electroweak phase transition the effective generation of a mass for the W- 
and Z-bosons is well known. As the universe cools down below the critical 
temperature both the gauge bosons and the fermions acquire a mass due to 
the Higgs mechanism associated to the "spontaneous breaking" of the elec- 
troweak gauge symmetry. The second part of this work will review a similar 
"Higgs mechanism" for QCD, namely the "spontaneous breaking of color" 
by the expectation value of composite gg-scalars in the color-octet channel 

ra- 

Strictly speaking, local symmetries cannot be broken spontaneously in the 
vacuum. This has led to the realisation that the confinement and the Higgs 
description are not necessarily associated to mutually exclusive phases. They 
may only be different facets [3] of one and same physical state 2 We stress 
that this observation is not only of formal importance. For example, the 
high temperature phase transition of electroweak interactions with a small 
Higgs scalar mass ends for a larger scalar mass in a critical endpoint. Beyond 
this endpoint the phase transition is replaced by an analytical crossover 
In this region - which is relevant for a realistic Higgs mass in the standard 
model - a Higgs and a confinement description can be used simultaneously. 
Our picture of the QCD vacuum resembles in many aspects the "strongly 
coupled electroweak theory" at high temperature 3 . We will present a Higgs 

2 The complementarity between the Higgs and confinement description has been con- 
sidered earlier for toy models with fundamental colored scalar fields 

3 Without a direct connection to the standard model the S'LT(2)-Yang-Mills theory with 
strong gauge coupling and fundamental scalar has been first simulated on the lattice in 
0- 
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description of QCD as a complementary picture to the usual confinement 
picture. Both the Higgs description and the confinement picture are consid- 
ered as valid descriptions of one and the same physical properties of QCD. 
A valid Higgs picture has to be consistent with the well established results 
of the confinement picture and of lattice QCD. 

With respect to color the composite scalar gg-bilinears transform as sin- 
glets and octets, each in the (3, 3)-representation of the SU(3) L x SU(3) R 
chiral flavor symmetry. We will explore the hypothesis that the scalar octets 
induce "spontaneous color symmetry breaking" while a "physical" global 
SU (3) symmetry is preserved. This global symmetry can be used to classify 
the spectrum of excitations according to the "eightfold way". We find that 
all gluons acquire a mass by the "Higgs mechanism" and belong to an octet 
of the physical 5'L r (3)-symmetry. Our picture provides an effective infrared 
cutoff for real QCD by mass generation. (The cutoff for gluodynamics is 
expected to be different!) 

The Higgs mechanism also gives integer electric charge and strangeness 
to all physical particles according to their S*?7(3)-transformation properties. 
Furthermore, the expectation value of the quark-antiquark color octet breaks 
the global chiral symmetry. In consequence the fermions become massive and 
the spectrum contains light pions and kaons as pseudo-Goldstone bosons. In 
the limit of equal masses for the three light quarks the global vector-like 
SU(3)-symmetry of the "eightfold way" becomes exact. The nine quarks 
transform as an octet and a singlet. We identify the octet with the low mass 
baryons - this is quark-baryon duality. The singlet is associated with the A 
(1405) baryon and has parity opposite to the nucleons. Similarly, the eight 
gluons carry the quantum numbers of the light vector mesons p,K*,cu. The 
identification of massive gluons with the vector mesons is called gluon-meson 
duality. 

We propose that the main nonperturbative new ingredient for the effective 
action of low-momentum QCD consists of scalar fields representing quark- 
antiquark bound states. Once these composite operators are treated on the 
same footing as the quark and gluon fields, the description of propagators 
and vertices becomes again very simple. We will investigate the phenomeno- 
logical consequences of an effective action that adds to the usual gluon and 
quark (gauge covariant) kinetic terms the corresponding kinetic terms for 
the scalars with quantum numbers of the gg-composites. Furthermore, this 
is supplemented by a scalar potential and a Yukawa interaction between 
quarks and scalars. It is very remarkable that such a simple effective action 
can account for the quantum numbers, the masses and the interactions of the 
pseudoscalar octet and the rj mesons, the vector meson octet and the baryon 
octet! Once the free parameters of this effective action are fixed by match- 
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ing observation, several nontrivial properties of hadrons can be "predicted" 
without further unknown parameters. These findings suggest that the long- 
sought dual description of long-distance strong interactions can be realized 
by the addition of fields for composites. The situation would then be quite 
similar to the asymptotically free nonlinear sigma model in two dimensions 
where the addition of the composite "radial excitation" provides for a simple 
dual description of the low momentum behavior jH]. 

Spontaneous breaking of color has also been proposed jZj for situations 
with a very high baryon density, as perhaps in the interior of neutron stars. 
In this proposal a condensation of diquark operators is responsible for color 
superconductivity and spontaneous breaking of baryon number. In particu- 
lar, the suggestion of color-flavor locking [S] offers analogies to our description 
of the vacuum, even though different physical situations are described (va- 
cuum vs. high density state) and the pattern of spontaneous color-symmetry 
breaking is distinct (quark-antiquark vs. quark-quark condensate; conserved 
vs. broken baryon number). This analogy may be an important key for the 
understanding of possible phase transitions to a high density phase of QCD. 

In the second part of this work we first present in sect. 3 our proposal 
for a simple effective action for QCD. Sect. 4 describes the "Higgs picture" 
with a non-vanishing expectation value of the scalar octet field. The gauge 
invariant description in terms of nonlinear fields is introduced in sect. 5. Sect. 
6 discusses the role of a hidden local symmetry in the nonlinear description 
which will permit a direct connection to ideas of "vector dominance". The 
elctromagnetic interactions can be used as an efficient probe of our picture 
since no new free parameters are introduced (sect. 7). In sect. 8 we turn 
to the interactions of the vector mesons and the decay p — > 2tt. Here we 
also make direct contact with the description of vector mesons as gauge 
invariant qj^q bound states in sect. 2. Sect. 9 discusses the interactions of 
the pseudoscalar mesons. We will see that the strength of the vector and 
axialvector couplings of the nucleons as well as the pion interactions beyond 
leading order chiral perturbation are successfully accounted for by our simple 
effective action. Sect. 10 finally presents conclusions and discussion and 
makes a simple proposal for the QCD phase diagram. 

2 Functional integral with composite fields 

Our starting point is the partition function for QCD 
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where S is the gauge invariant classical action for quarks and gluons. Here 
the quarks are described by Grassmann variables obeying {ip(x), ip(y)} = 
j {4>(<l), ^(l')} — in position and momentum space, respectively. 
The difficult part in the functional integral is the functional measure 
J VipVA which includes the regularization , for example on a lattice, or the 
gauge fixing and ghost parts for a continuum formulation. We do not need 
a specification here and only assume that the functional measure preserves 
the gauge symmetry. 

It is well known that local gauge symmetries cannot be spontaneously 
broken (in a strict sense). Therefore only gauge invariant quantities can have 
nonzero expectation values. A prominent example concerns the correlation 
functions for scalars and pseudoscalars which are contained in 

G s (x, y ) = -((Mx)Mx)) (Mv)My)))- (2) 

Here (ipRipL) = (ip-^j-ip) and brackets denote contractions of spinor and 
color indices, while we have not displayed the (open) flavor indices. For the 
example of the pion channel the two point function decays for large \x — y\ as 
G s ~ exp (— m^\x — y\) and this is the way how the pion mass is measured, 
for example on the lattice. Similarly, the p- meson mass can be extracted 
from the gauge invariant correlation function in the vector channel 

G^(x,y) = (${x)>fif>{z)) (^(y)7"^(y))>- (3) 

A convenient way for the computation of correlation functions for gauge 
invariant quark-antiquark bilinears is the introduction of gauge invariant 
sources 

Sj = -j dS[(Mx) 3 \(x)Mx)+h.c)+^{x)r3vM^)}- ( 4 ) 

Here j s is a complex Nf x Nf matrix and jv denotes a hermitean Nf x Nf 
matrix, with Nf the number of quark flavors. We will concentrate here on 
the three light flavors of quarks (Nf = 3) while considering the two flavor 
case as a pedagogical example below. Then the physical values of the scalar 
sources are given by the current quark masses 




while the vector source vanishes jv = 0. Adding Sj to S the partition 
function Z[j] becomes now a functional of the sources. 
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As an example, we may write the expectation value of the scalar quark- 
antiquark bilinear as (a, b are flavor indices while color and spinor indices are 
contracted) 

S Z 

{i>Lb(x)lpRa(x)) = <T ab (x) = Z~ l — (6) 

°Jab\ X ) 

Similarly, the (unconnected) two point function obtains from the matrix of 
the second functional variations 4 

G<?\x, y ) = -({Mx)Mx)) (Mv)Mv))) 

= Z-i (7) 
5j(x)5j*( y y { ) 

As usual, the expectation value or the connected Green's function can be 
derived from 

W[j}= In Z[j), (8) 

as 
or 

G*,)-^,)-^).^. (10) 
Finally, the effective action T is a functional of the "classical field" a 

T[a] = -W[j] + J d 4 x tr {j\x)a{x) + a\x)]{x)) (11) 

where a corresponds to a given source j and j = j [a] is computed by inversion 



The field equation reads 

5Y 



5a ab (x 



(13) 



Furthermore, the second functional variation of T with respect to o equals the 
inverse connected two point function, i.e. the inverse of the second functional 
variation of W with respect to j 

T m w (2) = lm ( 14 ) 



4 In flavor space (G s ) a b,cd is a Nj x Nj matrix, with rows and columns labeled by flavor 
index pairs (ab) and (cd). 
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(Note that for this matrix notation all internal and space or momentum 
labels of a are collected into a vector.) Of course, this setting can be gen- 
eralized to other gauge invariant composite operators, like vector fields, in a 
straightforward way. 

Let us concentrate here on the scalar sector and, for simplicity of the 
demonstration, on Nf = 2. For x-independent values a(x) = o one has 
r = j d i xU{a) where the effective potential U is now a simple function of 
the complex 2x2 matrices a. By construction U(a) is invariant under the 
chiral flavor rotations SU(Nf)i, x SU(Nf)R. If we expand U(a) in powers of 
a only invariants can appear 

U(a) = m 2 tr(a ] a) - -^(det a + det a f ) 

+ y Ur(o-V) j + ytr (Vex - ^r(aV)^ +... (15) 

and we note that the axial U(l) ^-anomaly is reflected in the term ~ v. The 
expectation value of a follows from the field equation 

-fo =3 =«V (16) 

This suggests to define 

U 3 = U-tr^a + ^j) , ^ = 0- (17) 

In particular, for equal up-and-down-quark masses the minimum of Uj occurs 
typically for 

<"> = (*,) < 18 > 

and breaks the chiral SU(2)l x SU(2)r symmetry to a vectorlike "diagonal" 
SU (2)y-symmetry. We recall that a is directly related to the quark- ant iquark 
condensate 

a = -\{W>)- (19) 

One of the advantages of our formulation is the explicit chiral symmetry 
of U(a) independently of the quark masses, since m q enters only through 
the source term in the field equation (|16|). In particular, one can make 
direct contact to chiral perturbation theory by representing the pseudoscalar 
(pseudo-) Goldstone bosons by a nonlinear field 5 U (x) 

a(x) = aU(x) , U ] U = 1. (20) 



5 The coincidence of the symbol U for the nonlinear chiral field and the effective potential 
is unfortunate but kept here for the sake of agreement with widely used conventions. 
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Inserting the nonlinear field (J2*U|) into the effective potential (JT7j) yields 



Uj(U) = const - m q atr{U + U ] ) - ^a 2 (det U + det U ] ). (21) 

In the chiral limit m q = the potential only involves the rj meson - the 
chiral £7(1 ^-anomaly produces a mass term for the ?7-meson. In this limit 
the pions are massless Goldstone bosons. For nonvanishing quark masses 
also the pions acquire a mass ml ~ m q . 

Let us neglect the 77-meson and discuss explicitly the interactions of the 
pions 

det U = 1 , U(x) = exp . (22) 

The kinetic term for a results in the nonlinear kinetic term for the pions 

17a 2 

Ztr(d^^d^) -> ZaHr(d^U ] d^U) = ——d^d^ + . . . (23) 

J TT 

where we identify the pion decay constant 

U = 2Z^ 2 a. (24) 

The effective action takes now the form familiar from chiral perturbation 
theory 

C[U] = ^-{tr^U^d^U) - 2Bm q tr(U + U ] ) + . . . } (25) 

with 

B= 15 = ( 26 ) 

J 71 J TV 

In this treatment, however, C[U] is already the effective Lagrangian from 
which the lPI-vertices follow directly by taking suitable derivatives with 
respect to the fields. No more fluctuations have to be incorporated at this 
stage. In particular, there are no explicit meson fluctuations. 

In order to recover chiral perturbation theory we want to reformulate our 
problem such that explicit pion fluctuations are incorporated in the com- 
putation of the effective action. Indeed, it is possible to reformulate the 
original functional integral for QCD ((TJ into an exactly equivalent functional 
integral which now involves explicitly an integration also over scalar fluctua- 
tions. This is achieved by means of a Hubbard-Stratonovich transformation 
jO]- Let us denote the scalar fermion bilinears by 

&ab = ^Lb^pRa , {&ab) = O ah . (27) 
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We next introduce a unit into the functional integral (JIJ 

1 = N J Da'exp j-| ^tr{{a'-\ a a-tf\-\a'-\ c a-j))} 

(28) 

where N is an irrelevant normalization constant. The functional integral for 
the partition function Z[j] involves now an additional integration over the 
scalar field o' 

Z[j] = J Vi)VAVa' exp(-Sf } ). (29) 
Here the action Sj in eq. (J3| is replaced by if>j , i.e. 

-U^K^' + ^K^+^K'j) (30) 



where Sq is the QCD-action for quarks and gluons without the quark mass 
term. Indeed, the quark mass term ~ tr(j^a) is canceled by a corresponding 
term from eq. (|28|) such that the nonvanishing quark masses appear now as 
a source term multiplying the scalar field a'. 

In eq. (J2HJ) a' stands for cr' ab (q) and A~ x (g) is an arbitrary positive function 
of q 2 such that the Gaussian integral is well defined and rotation symmetry 
preserved. If we choose 

K = M 2 + Zq* (31) 

we can identify the term o'^X^o' with a kinetic and mass term for a' such 
that X a corresponds to the "classical scalar propagator". The term crV de- 
notes a Yukawa coupling of the a' field to the quarks. Finally, the expression 
Xfj&^a denotes a four quark interaction that is nonlocal for Z / 0. 

The explicit four-quark-interaction is cumbersome and we may wish to 
omit it. This can be done if we introduce into the original action for quarks 
and gluons an additional four-quark-interaction with the opposite sign - this 
is then canceled by the piece arising from the Hubbard- Stratonovich trans- 
formation. At first sight, this seems to be a high prize to pay since we are not 
dealing any more with the standard QCD action where the quarks interact 
only via gluon exchange. With a second look, however, this is no problem. 
Implementing this modified QCD action for lattice simulations will even re- 
sult in an "improved" QCD action if suitable values for M 2 and Z are chosen 
in eq. (J3TJ). 

The basic ingredient for this argument is universality. In QCD the pre- 
cise form of the short distance action (classical action) is actually irrelevant, 
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provided this action belongs to the universality class of QCD. Independently 
of the precise form of the classical action the long distance behavior will 
then only depend on the value of the renormalized gauge coupling (which 
sets the scale via dimensional transmutation) and the quark masses. This 
fact is widely used in the form of "improved actions" for lattice QCD. In 
a qualitative sense the mapping of the continuous QCD onto a lattice with 
finite lattice spacing a involves an integration of fluctuations with momenta 
q 2 > 7T 2 /a 2 . Performing the gluon integration in perturbation theory the box 
diagrams with exchange of two gluons indeed lead to four-quark-interactions 
in the form needed here (plus others) ^01 \H\ ■ Their strength can be used 
to optimize M 2 and Z for a given lattice spacing a, thus improving the ac- 
tion. We emphasize, however, that due to universality this improvement is 
not necessary, in principle. The precise values of M 2 and Z should not be 
important as long as M 2 is not too small and Z not too large such that the 
interaction remains "essentially local" and within the universality class of 
QCD. 

In the formulation with additional scalars the issue of the correct univer- 
sality class actually needs some consideration. For very small M 2 or very 
large quartic coupling A CT (in units of a) the theory will be in a different uni- 
versality class where the scale of chiral symmetry breaking is set by X a and 
not by Aqcd as appropriate for QCD. This issue is discussed quantitatively 
in [TI]. In particular, for too small M 2 the model contains an additional 
relevant parameter beyond the gauge coupling (and quark masses). 6 

We suggest that lattice simulations with explicit meson degrees of freedom 
and the action (pffij) (without the quartic term ~ \ a a^a and for appropriate 
M 2 ,Z) may actually permit a direct access to the chiral limit of vanishing 
quark masses. In the current formulation (without explicit meson degrees of 
freedom) one of the main obstacles for the simulation of the chiral limit is 
the complicated spectrum of the Dirac operator for the quarks. In presence 
of meson fields the dominant configurations would correspond to non-zero 
values of a'. In term, this induces a mass gap for the Dirac operator due to the 
Yukawa coupling a* a*. This should make simulations with dynamical quarks 
much simpler. In addition, the meson fluctuations provide the degrees of 
freedom appearing in chiral perturbation in a very explicit way. The contact 
to chiral perturbation theory should therefore be facilitated. 

Our formulation where the source term appears explicitly in the transfor- 
mation (|28|) has the additional advantage that the quark masses only appear 

6 This also tells us that QCD lattice simulations with explicit scalar fields are only 
meaningful with dynamical quarks. In the quenched approximation the scalar sector 
decouples from the gluons and therefore induces the relevant parameters of a pure scalar 
theory that should not be present for the QCD universality class. 
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as terms linear in the scalar field. On the level of the effective action we can 
perform a single computation for all values of the quark masses and fully 
exploit the chiral symmetry. The quark masses appear then only as source 
terms in the field equations. Still, we have to take into account the modifica- 
tions due to the term j^X' 1 ] in eq. (JHDJl- This modifies the relation between 
the expectation value of a' and a according to 

5W 

J^ = (K 1 ^'-j)) = (a)=a (32) 

such that 

( p = (a , ) = X a a + j. (33) 

We may bring the functional integral even closer to the standard formulation 
for a theory with quarks, gluons and scalars by using standard sources of a' 

U = K X J (34) 
and subtracting the term quadratic in j which does not involve the fields 

= fif > - I (35) 

In this formulation, the generating functional for the connected Greens func- 
tions is related to eq. (jHJ) by 



W v 



W + J j^X-'j (36) 



and the effective action is defined as usual 

r>] = -w^ + Jut<p + v%)- (37) 

Comparing with T[a] (fTTf one obtains 

rM = r W + (38) 

(We have not used different symbols, but it should be clear that T[ip] and T[a] 
are not related simply by a variable transformation.) The difference between 
T[(p] and T[a] vanishes at the extrema of T[a] but modifies, for example, the 
behavior for large values of the fields. Typically, T[ip] is a better behaved 
quantity. For example, the effective potential is bounded from below which 
is not guaranteed for T[a]. The field equations derived from F[ip\ take the 
standard form 
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3 QCD effective action with composite scalar 
fields 



Let us next discuss the effective action for QCD in a formulation where 
explicit scalar fields for composite qq bilinears are used according to the pre- 
ceding section. We will see that a very simple form of the effective action 
can account for a great deal of the strong interaction phenomenology in a 
surprisingly simple fashion. By definition the effective action generates the 
one-particle- irreducible (1PI) correlation functions and includes all quantum 
fluctuations. It therefore contains the direct information about the propaga- 
tors and proper vertices. 

In addition to the quark and gluon fields we consider scalar fields with 
the transformation properties of quark-antiquark pairs. With respect to 
the color and chiral flavor rotations SU(3)c x SU(3)l x SU(3)r the three 
light left-handed and right-handed quarks ipLi^R transform as (3,3,1) and 
(3,1,3), respectively. Quark-antiquark bilinears therefore contain a color sin- 
glet $(1, 3, 3) and a color octet x(8, 3, 3) 

1 j. s 

Jij = Xij + ^7=<P Oij, 

<f> = ^=7« > Xu = 0. (40) 

Here we use a matrix notation for the flavor indices and write the color 
indices i, j explicitly, e.g. XijM = Xij: (fiab = 4>- Then 7^ contains 81 complex 
scalar fields. Similarly, the quark fields are represented as three flavor vectors 
ip ai = ipi, ip ia = ipi. As usual we represent the eight 5'[/(3)c-gauge fields by 

A ijt , = iji*(A,)<, (41) 
where X z are the eight Gell-Mann matrices normalized according to Tr(A^A 2 ) = 

25y Z . 

We consider a very simple effective Lagrangian containing only terms with 
dimension up to four 7 

+Tr{(^ t 7iJ )t J D^ J } + f/(7) 

+Z^ i [{h<f>6 ij + hxa)^ 1 - (h4% + hx^^—^-W (42) 
7 For our Euclidean conventions for fermions see |12| . 
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Here = d fl A ijtU -d u A ijtfl -igA ik ^A kjtL/ + igA iktU A kj ^ and the interaction 

between gluons and \ arise from the covariant derivative 

D^ij = - igA ik ^ kj + ig^ ik A kj)lJL . (43) 

In our notation the transposition acts only on flavor indices, e.g. (jj^ab — 
ltj,ba' ^ ne effective potential 

U(l) = U ( X , <j>) - ^(det + det 0t) - \v\E{^ X ) + E*(c/>, X )) 

^\4 > i"K) = ^a 1 a2a 3 ^b 1 b2b 3 4 ) a 1 b 1 Xij,a2b2Xji,a 3 b 3 (44) 

conserves the symmetry SU(3) C x SU(3)l x SU(3)ji. It is decomposed into 
a part Uq which conserves also the axial U(1)a symmetry and an anomaly 
contribution. The latter is parameterized here by the 't Hooft terms ^H] 
~ v, v' . The details of U will not be relevant for our discussion except for 
the location of the minimum that will be characterized by two parameters 
<Jq and Xo- Finally, explicit chiral symmetry breaking is induced by a linear 
term [TJ] 

J = j j = a q m = a q diag(m u ,fh d ,fh s ) (45) 

with rh q the current quark masses normalized at some appropriate scale, say 
H = 2 GeV. We note that the quark wave function renormalization Zf can 
be absorbed by a rescaling of ip. We keep it here and normalize ip at a 
perturbative scale /i = 2 GeV. 

In general, the wave function renormalizations Z^, Z^ and the dimen- 
sionless couplings g, h depend on momentum or an appropriate renormal- 
ization scale /i. The phenomenological analysis will mainly concentrate on 
the low energy limit where we take all couplings as constants. Besides the 
explicit chiral symmetry breaking in (|43|) the phenomenology will be de- 
scribed in terms of the seven real parameters g, h, h, o"o, Xo, v and u'. Here 
v and v' will only enter the mass of rf and h, h will be fixed by the baryon 
masses. Then three parameters g,cr ,xo remain for the description of the 
pseudoscalars and vector mesons and their interactions, including the inter- 
actions with baryons. In fact, the effective action ()42|) is the most general 8 
one which contains only "renormalizable" interactions and is consistent with 

8 The only exception is the omission of a possible U (l^-violating term cubic in \ which 
can be found in [T5|. 
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SU(3)c x SU(3)l x SU(3)r symmetry, as well as with the discrete transfor- 
mations parity and charge conjugation. 

We will show that the masses and interactions of the octet of baryons as 
well as the pseudoscalar and vector mesons are indeed well described by the 
simple effective action (|42j) . ()45j1 . We find this rather remarkable in view of 
the fact that we have only added rather straightforward terms for composite 
scalars ("scalar Vervollstandigung" [T]). Of course, the crucial ingredient is 
the nontrivial minimum of U(Xi </>)• 

Actually, there is no reason why only interactions involving scalar and 
pseudoscalar quark-antiquark bilinears should be present as in (f4*2"J) . Effec- 
tive four-quark interactions (1PI) in the vector or axial- vector channel are 
certainly induced by fluctuations, and we will discuss them below. There is 
also no need that the effective action has to be of the "renormalizable form" 
(|42jl . In fact, we have at present no strong argument why higher-order op- 
erators have to be small. In the spirit that a useful dual description should 
not be too complicated, we simply investigate in this paper to what extent 
the effective action (|42|) is compatible with observation. If successful, the 
neglected subleading terms may be considered later for increased quantita- 
tive accuracy. Furthermore, we know that QCD contains higher resonances 
like the A or the axial-vector mesons. They are not described by the effec- 
tive action (jj2j) . One may include them by the introduction of additional 
fields for bound states. This is, however, not the purpose of the present 
paper. We only mention here that "integrating out" the missing resonances 
with lowest mass presumably gives the leading contribution to the neglected 
higher-order operators. Those will typically contain "nonlocal behavior" in 
the momentum range characteristic for the resonances. 

For high enough momenta (say q 2 > (2GeV) 2 ) our description should 
coincide with perturbative QCD. Obviously, in this momentum range g(q) 
should coincide with the perturbative gauge coupling, providing for a "match- 
ing" of couplings. Furthermore, the (tree) exchange of the scalars induces 
an effective four-quark-interaction. In the perturbative QCD picture this 
matches with (part of) the lPI-four-quark-interaction generated by "box di- 
agrams" with gluon exchange. 

The essential point of our picture of the QCD- vacuum concerns the loca- 
tion of the minimum of the effective potential. We will concentrate here on 
two directions in field space according to 

4>ab = v5 ab , (46) 



Xij,ab 



y/E 



X($ia5jb - -Sij5 ab ) 



(47) 
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with real fields a, x- Our central assumption states that the minimum of 
U (<r, x) occurs for nonvanishing 

° = , X 2 = xl- (48) 

In this context we emphasize that the source term ({H^) preserves the SU(3) C 
color symmetry. The minimum at x 2 = Xo therefore corresponds to a whole 
orbit in the field space of Xij,ab- This orbit obtains by applying SU(3) C - 
transformations on the configuration (|4*Tj) . In consequence, our statement 
about the minimum of the effective potential is perfectly gauge invariant! In 
contrast, for nonzero quark masses the minimum in the direction of (f) a b, i.e. 
(fiab = vo8 a b, is unique. As it stands, there exists a simple argument in QCD 
that the effective potential for color non singlet fields has its minimum at 
zero, i.e. Xo = 0. Our investigation for xo 7^ can therefore only hold in a 
gauge fixed version or after a suitable redefinition of x by a multiplication 
with phase factors that makes it formally gauge invariant. 



4 Higgs picture 

For most of the discussion of this paper we will employ a gauge invariant 
description which only uses the assumption that the minimum of U occurs 
for nonzero x, without fixing a particular direction in the orbit of minima. 
Nevertheless, the most striking features of our picture of the QCD-vacuum 
become easily apparent if we fix for a moment the direction in field space. 
In this section we describe this "Higgs picture" where the vacuum is charac- 
terized by a fixed field 

(Xij,ab) = -^XO^jiKb = ^Xo(S ia 5 jb - ^SijSab). (49) 

This expectation value is invariant under a combination of SU(3) C transfor- 
mations and vectorlike flavor transformations. More precisely, the symmetry 
SU(3)v of the vacuum consists of those transformations where identical left 
and right flavor rotations and transposed color rotations are performed with 
opposite angles. With respect to the transposed color rotations the quarks 
behave as antitriplets. In consequence, under the combined transformation 
they transform as an octet plus a singlet, with all quantum numbers identical 
to the baryon octet /singlet. In particular, the electric charges, as given by 
the generator Q = + ^/g^s of SU(3)v, are integer. We therefore identify 
the quark field with the lowest baryon octet and singlet - this is quark-baryon 
duality. Similarly, the gluons transform as an octet of vector-mesons, again 
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with the standard charges for the p, K* and u mesons. We therefore describe 
these vector mesons by the gluon field - this is gluon-meson duality. 

Due to the Higgs mechanism all gluons acquire a mass. For equal quark 
masses conserved SU(3)y symmetry implies that all masses are equal. They 
should be identified with the average mass of the vector meson multiplet 
M 2 p = \M\* + \M 2 p = (850 MeV) 2 . One finds 

M p = g\ Xo \ = 850 MeV. (50) 

The breaking of chiral symmetry by o"o and Xo a l so induces masses for the 
baryon octet and singlet. The singlet mass is larger than the octet mass (see 
sect. 5). 

In order to get familiar with the Higgs picture of QCD, it seems useful to 
understand in more detail the consequences of spontaneous color symmetry 
breaking for the electromagnetic interactions of hadrons. We start by adding 
to the effective Lagrangian (}4*2j) a coupling to a U (l)-gauge field Bp by making 
derivatives covariant 

D^ip = (dp - ieQBp)ip 

Dpjij = d^jij - ielQiiijlBp- ... (51) 

with Q = ~\ 3 + 7^75^8 — diagC^i — |, — |) acting on the flavor indices. Fur- 
thermore we supplement the Maxwell term 

C-b = -rB^Bpv , Bp V = dpB u — d u Bp. (52) 

Whereas the quarks carry fractional Q, the abelian charges of the scalars are 
integer. In particular, the expectation value < > is neutral, [Q, < >] = 0, 
whereas some components of < Xij,ab > carry charge, namely for k = 2, 3 

[Q, < Xlk,lk >] = < XlKlk > 

[Q, < Xki,ki >] = - < Xki,ki > ■ (53) 

The expectation value (JiTj) therefore also breaks the local U(l) symmetry 
associated with Q. The abelian color charge (Qc)ij = |(^3)ij + of 

these fields is, however, equal to Q. In consequence, a local abelian symmetry 
with generator Q — Qc remains unbroken 

Qac < Xij,cb > — < Xij,ac > Qcb ~ [Qcjil < Xlj,ab > + < Xil.ab > [Qc)lj = 0- 

(54) 

The corresponding gauge field corresponds to the photon. 
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The situation encountered here is completely analogous to the Higgs 
mechanism in electroweak symmetry breaking. The mixing between the hy- 
percharge boson and the W$ boson in the electroweak theory appears here 
as a mixing between Bp and a particular gluon field Gp which corresponds 
to Aij^ = ^{Qc)ijG fj,. Let us restrict the discussion to the gauge bosons 
Bp and Gp. Then the covariant derivative for fields with a fixed value of Q 
and Qc is given by 

Dp — dp ieBpQ - igGpQ c (55) 

with g = ^g. Due to the "charged" expectation values (J53j) a linear com- 
bination of Bp and Gp gets massive, as can be seen from the quadratic 
Lagrangian 

Cfi = \B^Bp V + \& v Gp V + \xl{9& + e&){gGp + SBJ. (56) 

The massive neutral vector meson Rp and the massless photon Bp are related 
to Gp and Bp by a mixing angle 

Rp = cos 6 em Gp + sin 6 em Bp 
Bp = cos 9 em Bp — sin 9 em Gp 

tg6 em = ? (57) 
9 

and we note that the mass of the neutral vector meson is somewhat enhanced 
by the mixing 

M Vo = gxol cos6» em . (58) 

The mixing is, however, tiny for the large value a s = g 1 ''/Air w 3 that we will 
find below. In terms of the mass eigenstates the covariant derivative (jS5)l 
reads now 

Dp = dp- ieQBp - ig cos 6 em (Q c + tg 2 9 em Q)Rp (59) 

and we observe the universal electromagnetic coupling 

e = ecos# em (60) 

for all particles with electric charge Q = Q — Qc- This coupling is exactly 
the same for the colored quarks and the colorless leptons as it should be for 
the neutrality of atoms. For an illustration we show the charges Qc, Q and 
Q for the nine light quarks in table 1. 
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-1/3 
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-1/3 


-1/3 





A°,S° 



Table 1: Abelian charges of quarks and association with baryons. The 
baryon singlet is denoted by S°. 

The Higgs picture (with fixed direction of < x >) yields a particularly 
simple description of the mass generation for the gluons and the charges 
of the physical excitations. It has, however, some shortcomings concerning 
the simplicity of the description of the meson interactions and the correct 
interpretation of the global baryon number of the excitations pQ. These issues 
can be dealt with in a much easier way in the gauge invariant description. 

5 Nonlinear fields 

Let us now turn back to a gauge invariant description and use appropriate 
nonlinear fields. We will recover all the findings of the "Higgs picture" in 
the preceding section, now in a gauge invariant way. Indeed, we never need 
an assumption that an octet condensate occurs in a particular direction in 
field space (which would correspond to "spontaneous symmetry breaking" of 
the color symmetry). Furthermore, the interactions of the light mesons are 
most easily described in the gauge-invariant picture, using nonlinear fields 9 . 
For the "Goldstone directions" we introduce unitary matrices Wl, Wr, v and 

9 On the level of the effective action the quantum fluctuations are already included. 
Therefore Jacobians for nonlinear field transformations play no role. All "coordinate 
choices" in the space of fields are equivalent. 
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define 




Z/ /2 W L N L v , i) R = Z- 1/2 W R N R v, 
Z~ 1/2 v^N L Wl , $ R = Z- l/ \^N R W\ 

-v T V?v* - -d,v T v* , U = W R Wl 



W R SWl , X ij,ab= (W R ) ac vlX kl)Cd v* l3 (Wl) db . 



(61) 



Here we have again extended the matrix notation to the color indices with 
the quark/baryon nonet represented by a complex 3x3 matrix ip = ip ai , %p = 
ipia- The decomposition of is such that S is a hermitean matrix. The 
restrictions on X, which are necessary to avoid double counting, play no role 
in the present work. Besides v all nonlinear fields are color singlets. The 
field v* transforms as a color anti-triplet similar to a quark-quark pair or 
diquark. By virtue of triality - the center elements of global SU(3) C and 
SU(3)l x SU(3) R are identified with particular global transformations of 
the t/(l)s-symmetry which corresponds to conserved baryon number - the 
fields belonging to color representations in the class of the antitriplets carry 
baryon number 2/3 (mod 1). We therefore assign to v* (or the product W'v t) 
a nonvanishing baryon number 5 = 2/3 (as appropriate for a diquark). In 
consequence, the baryons iV ~ W^ipv^ transform as color singlets with baryon 
number B = 1, as it should be. 

The nonlinear fields (|HT|) are adapted to the physical excitations around 
the minimum of the effective potential. We encounter the gauge singlet 
baryon field N and the vector- meson fields V^. The pseudoscalar mesons 
correspond to the (pseudo-) Goldstone bosons described by U = W R W\. We 
will see below that the remaining nonlinear degrees of freedom contained in v 
and Wl,r are gauge degrees of freedom. The effective action (|32~|l can now be 
expressed in terms of the physical fields N, V 1 , U by inserting the definitions 
(|fil|) . In this form it will be straightforward to extract the physical excitations 
and their interactions. 

Before proceeding with this program, we may verify that the effective 
action is invariant under the following field transformations 



6W L = t& L W L - iW L Q P , SW R = iQ R W R - iW R Qp , 

Sv = i& P v + iv®l , 5U = i<d R U - iUQ L 

5N L = i[6 P , N L ] , SN R = i[e P , Nr] , 5V, = i[Q P , V,} + -d^Qp, 

5S = i[Qp, S] , (5X)ij Ab = i(Qp) ac Xij cb — iXi^ ac (@p) cb 



i(Qp)ikXkj,ab + iXik,ab(Q p)kj- 



(62) 
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Here C , 0^, Or are special unitary 3x3 matrices corresponding to SU (3) c , SU(3) l 
and SU(3)r, respectively. (We have no displayed additional global symme- 
tries like the one corresponding to baryon number.) As a consequence of the 
nonlinear formulation one observes the appearance of a new local symmetry 
U(3)p = SU(3)p x f/(l)p under which the nucleons N and the vector meson 
fields transform as octets and singlets 

Op = \{0' P [x)\ z + ^p(x)Ao) , A = -^=. (63) 

This symmetry acts only on the nonlinear fields whereas ip, A^, <fr and % 
are invariant. It reflects the possibility of local reparameterizations of the 
nonlinear fields. It will play the role of the hidden gauge symmetry underlying 
vector dominance. 

For the present investigation we omit the scalar excitations except for 
the "Goldstone directions" contained in Wl, Wr, v. We can therefore replace 
Xki,ab by the expectation value (jUJ) and use < S >= cr such that 

$ = <r U , Xij,ab = -^=Xo{(W R v) ai (v ] Wi) jb - ^UabSij}. (64) 



In terms of the nonlinear field coordinates the Lagrangian (|42j) reads 
£ = TriiN-y^dr + iVn-tfaJN - gN-fNV^} 

+ l -Tr{V^V, u } + g 2 x 2 Tr {W%} + (^'x^ - zax 3 ) cosfl 

+(ha - ^= X o) Tr{N l5 N} + -^= X o Tr iV 7 5 Tr N 



with 



+X 2 Tr{£%} + 2g X l Tr{Wv,} (65) 



v, = - l -{wld,w L + w R d,w R ), 
= \iW[d^w L - w^Wr) = - l -w R d^uw L , 

Tr v„ = -^<9 M (lndet W L + lndet W R ), 
Tr a M = -'-Tr U^d^U = --8,9, 

V, u = - d u V, - ig[V„ V u ] = - d v % - tg[V„ V„], 

% = V, - - Tr , v ll = v ll - -Tr u M . (66) 
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As it should be, L does not depend on v and is therefore invariant under 
SU(3)c transformations. For a check of local U(3)p invariance we note 

§ Vfl = i[Q Py Vfl ] - d^Qp , 5a^ = i[Q P , dp] (67) 

such that v M transforms the same as — gV^ and + gV^ transforms homo- 
geneously. One observes that the mass term for appears in the U(3)p- 
invariant combination Xo Tr{{v^ + gV^iv^ + gV^)}. The nonlinear field U 
only appears in derivative terms except for the phase 6 associated to the 
7/-meson. We associate U in the standard way with the pseudoscalar octet 
of Goldstone bosons IF 

U = exp(-~0) exp M^yM = e*P U (68) 

where the decay constant / will be specified below. 

The Lagrangian ()65|) contains mass terms and kinetic terms for an octet 
and a singlet of baryons. The same terms appear in the Higgs picture of 
sect. 4. We want to use the physical baryon masses in order to fix the Yukawa 
couplings h and h. For this purpose we need to identify the baryon singlet. 
We will argue that A(1405), which has the opposite parity as the nucleon or 
the lowest mass A-baryon, is an interesting candidate. This requires that the 
ratio hxo/hao is negative. We observe that h and h can be chosen (via the 
form of the Hubbard-Stratonovich transformation) to be real and positive. 
Furthermore, we can use conventions where the current quark masses m q are 
real and a parity conserving ground state corresponds to positive ao- In the 
Higgs picture C and P are conserved by real xo- Similarly, this holds for the 
expectation value of the gauge singlet X k i >cd (jBTJ. However, the sign of Xo is 
not fixed and on the level of quarks we have no free phases left which could 
be used to make xo always positive. The relative sign between the singlet and 
octet contributions to the baryon masses h<j) and hxo is therefore observable. 
(Note that no S'L r (3) c -gauge transformation exists which reverses the sign of 
Xij,ab-) Consider now the case of a negative singlet mass term hao+8hxo/3\^6, 
i.e. negative Xo- On the level of the nonlinear baryon fields we may apply a 
chiral phase transformation acting only on the singlet field N± = Tr N/y/3 
while leaving the octet field invariant. Choosing Nil — ziVix, Nm = —iNip 
we can render the singlet mass positive, but the parity of the singlet is now 
found opposite to the octet 

P : N 1L -> N 1R , N 1R -> -N lL , N 8L -> -N 8R , N m -> N 8L . (69) 

(In contrast, the C-parity is the same for the singlet and octet.) Quite 
interestingly, there exists a singlet state A (1405) with the opposite parity to 
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the A in the baryon octet! (A singlet is not allowed in the ground state within 
the nonrelativistic quark model.) We will associate the A(1405) baryon with 
the baryon singlet S° 

S° = JVi = z 7 5 jV! = ^7 5 Tr N. (70) 
v3 

From eq. (JHH|) one can now directly read the average (positive) masses of 
the baryon octet and singlet 

M 8 = ha - ^= X o = 1.15 GeV , M l = -(ha + |4=Xo) = 1.4 GeV. (71) 

The singlet-octet mass splitting is proportional to the octet condensate Xo 

M 1 + M s = — -=h X o = 2.55 GeV. (72) 
V6 

With eq. (jHOj) this determines the ratio 

- = 2.45. (73) 



Similarly, one finds 



ha = ^(8M 8 - Mi) = 866 MeV. (74) 
9 



6 Mesons and their interactions 

Before extracting the couplings between the physical mesons and the baryons 
we have to understand the role of the local reparameterization transforma- 
tions U(3)p = SU(3)p x U(l)p. First of all, we note that Tr can be 
eliminated by [/(l)p-gauge transformations and is therefore a pure gauge 
degree of freedom. Similarly, TrV ll = — ^9 M ln det v is also a gauge degree 
of freedom pQ. This explains why Tr and Tr only appear in the term 
bilinear in the nucleon fields. The vector fields are the gauge bosons of 
SU(3)p. The nucleons transform as an octet and a singlet under SU(3)p 
and the same holds for the bilinear a M . The fields contained in Wl, Wr are 
antitriplets and U is a singlet. 

For a discussion of the mesons we have to eliminate the redundance of 
the local U(3) p-transformations. We will employ the gauge choice 

Wl = W R = £ (75) 
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which implies 



u = e , u A .=~(^+w t ), 

Tr ^ = , Tr ^ = 

4> = °oU , £ij,ab = —^Xo{£ai£jb ~ ^Uabdij), (76) 

This gauge is singled out by the fact that contains no term linear in IT 2 
or 6 PQ 

v, = v, = -^[n,a M n] = — [Aj,, x z \n y d l ji z + ... (77) 

where we have chosen the parameterization 

4 (oxi) ( ~e) . r/r/< = I 



e = exp f — IFA A = exp f -II 1 . (78) 

As for any gauge where contains no term linear in II or 9, the term 
~ Trv^Vfj, contains only interactions and does not affect the propagators. 
We can therefore associate II 2 with the physical pions. Also the term Trv^v^ 
involves at least four meson fields and is irrelevant for the propagator of the 
pseudoscalar mesons. 

The bilinear a M reads in the gauge (|75j) 

S = Yf Kd ^ z ~ \ d » 6 - + 0(n3 ' - } (79) 

The effective action (|65|) contains therefore a cubic coupling between two 
baryons and a pion. As it should be for pseudo-Goldstone bosons, this is a 
derivative coupling. For the gauge ((ZSj) one has a simple realisation of the 
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discrete transformations P and C on the level of nonlinear fields 10 
P . Nl ^ - Nrj Nr ^ Nlj 

-> i^, a /t -> -a M , -> V M 
C : iV L -> ciV£, N R -> -ciVj, 

v„ - -uj", a M - aj, V M - -V/. (80) 

The gauge condition (|7Hjl can also be written as WlWr = W r Wl = 1 and 
is manifestly invariant under P and C. The coupling TTN / ~f fJ,/ -f 5 a fl N is a 
standard coupling of baryons to the axial vector current. 

The kinetic term for the pseudoscalar mesons can be inferred from 

42 = {4 + l~ Q xl)Tr{d^d,U} + ^xld»6d,6 

= y 2 {°l + ^xl) 0"n*0 M n. + ^ 2 + ^xl)d»ed,6. (si) 

Its standard normalization fixes a combination of o"o and Xo m terms of the 
pseudoscalar decay constant / which corresponds to an average in the octet 
[16J / = \Jk + |/vr = 106 MeV. For an optimal quantitative estimate of 
the expectation values o"o,Xo the so called "partial Higgs effect" should be 
included: the mixing between the pseudoscalars contained in U (~ iipip) and 
those in the divergence of the axial- vector current (~ <9 M (?/>7 M 7 5 '?/>)) introduces 
an additional negative contribution (partial Higgs effect) 

A42 = -^-Tr{d^d,U} - A 2 e d»9d,6. (82) 
One infers a standard renormalization of the kinetic term for 

f = ^l + lxl-^ s = ^l + lx 2 ) (83) 

with 

«/ = (!- %°l + l^lr 1 ) 1 ' 2 = (1 + ^)" V2 < !■ (W) 

The deviation of Kf from one is one of the most important effects of effective 
interactions not included in eq. (J4*2*)) . The effective interactions responsible 



10 Note that in our matrix notation C acts as ipL — > ct/>r, V'fi ~~ * ~ c i } \ 
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for Aj also induce S , f/(3)-violating contributions to the pseudoscalar wave 
function renormalizations related to the strange quark mass 11 . This has led 
to a phenomenological estimate 



Aj « 0.45/ 2 , K f « 0.83. (85) 

The pseudoscalar decay constants provide now for a quantitative estimate of 
the expectation values do and xo 



f = 2^1 + ^xl = f/K f = (~/a' + \h)/n t = 128 MeV. (86) 

In the approximation (|42j) one should use the leading order relation f = fo, 
keeping in mind that nonleading effects will lower / to its physical value. 

In the gauge ()75)1 the nonlinear Lagrangian 1)65)1 can now be written in 
terms of the normalized physical fields N, II and vj as 

C = Cn + Cu + Cv (87) 

The part involving baryons and the axial interactions with the pseudoscalars 
reads 

C N = iTr{N 8 Y(d,-t^% + -^- 1 5 d, V ')N 8 } + M 8 Tr{N 8l 5 N 8 } 
+iN ll »{d, + -?- 7 %7/);Vi - M 1 N ll 5 N 1 
+ -j= Tr{iV 87 V^}iV 1 + 7^i7V Tr{a M AT 8 }. (88) 

Here we use the octet and singlet baryon fields (recall Ni = —i^S , N\ = 
-^ o7 5 ) 

Ni = -^Tr N, N 8 = N — -TrN = N — -pJVi , Tr iV 8 = 0. (89) 
v 3 3 y/3 

The interaction with the pseudoscalars involves the axial vector current 
= a M - - Tr a M = — A^IF + 0(n 3 ) , Tr a M = 0, 

<V = ^ - = 5 M - gjy; 7 ?' > # = j^v', (90) 



11 In the notation of ref. ^B] one has A 2 // 2 = — OqZ^. 
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whereas the interaction with the vector current will be contained in Ly. The 
kinetic term and interactions for the pseudoscalars take the familiar form 




Tr{<W%^} + iaV^V - M v' H v' matf/Hrf) (91) 
U = i 2 = exp (i^p-) , det U = 1. (92) 



with 




Finally, the terms involving vector mesons and vector currents are grouped 
in 



In the effective action (|87|) we have replaced the free parameters by 
M 8 ,Mi, Mp,M v i,f and g. We note that the number of parameters is re- 
duced to six since only one particular combination of v and v' appears in 
Mrf. At this stage of our investigation only the effective gauge coupling has 
not yet been determined. The proportionality constant H n i appearing in the 
couplings of r( reads [I] 



where Kg/Kf accounts for the details of the "partial Higgs effect". It can be 
related to the decay width of r( into two photons [Tfi] . 

The interactions between individual baryons and mesons can be extracted 



\ Tr{V^V^} + M 2 p Tr{F%} + -M p 2 Tr{V%} + ^^Tr^} 
^ 9 9 

-g Tr{N 8 ^N 8 V»} - -^(^{iVgV^h^i + iV l7 ^Tr{^iV 8 }) 
-Tr{iV 87 %iV 8 } - i=(Tr{iV 8 ^} 7 ^iV 1 + iV l7 ^Tr{^iV 8 }). (93) 




(94) 



26 



by inserting the explicit representations 

\ V2K- , V2K° , J 
( P° + , V2p+ , 



n = -u z x z 

2 



V2ir + , v / 2^ + \ 

X ' 2 



5^ 



1 \/3 K A 4 ' " "''/' ' v - ' '/' 







V 



v 7 ^ , -pI + ^v* V2k; 



V2K* 



J 



V 



p 



Lyo _l J_A° 



Lvo , J_aO 

n , 



P 
n 



\ 



(95) 



It is obvious that the effective action (|S7j) predicts a multitude of different 
interactions between the low mass hadrons. The electromagnetic interactions 
are incorporated by covariant derivatives. 

Finally, the addition of the explicit chiral symmetry breaking by the cur- 
rent quark masses (jj^l) 



q a Tr{m(U + W)} 



(96) 



leads to mass terms for the pseudoscalars ^7] and contributes to their inter- 
actions, in accordance with chiral perturbation theory (cf. eq. (j2f 



7 Electromagnetic interactions 

As a first probe of our picture we may use the electromagnetic interactions 
of mesons and baryons. The electromagnetic interactions of the mesons are 
all contained in the covariant kinetic term for the scalars 

(D» llhab yD^ lhab = xl Tr{(^ + gV» - eB»Q)(v, + g% - eB,Q)} 

+ t TT{(D^UyD,U} + ^xl POdJ (97) 

with generator Q = diag(2/3, — 1/3, — 1/3) for the electric charge. Here 
DfJJ = d^U — ieB^Q.U] and the covariant vector current reads (with 
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D4 = d li £-ieBJQ,Z)) 



-^(WId^Wl + WId.Wr) 



(9* 



Observing that both -0^ and gV^ — eB^Q transform homogeneously with 
respect to the electromagnetic gauge transformations 



in ■ 



5em(gK - eB^Q) = ij3[Q, {g% - eB^Q)} (99) 



the gauge invariance of (|97|) can be easily checked. The particular com- 
bination of vector currents in (|97|) is dictated by the combination of elec- 
tromagnetic gauge invariance and local reparameterization symmetry. Only 
this combination transforms homogeneously with respect to both U(3)p local 
reparameterizations and electromagnetic U(l) gauge transformations. 

The interactions (}9*Tj) coincide with those of a "hidden local chiral sym- 
metry" if one replaces by v^. (The small difference between our result 
and the "hidden symmetry" approach is due to the somewhat different elec- 
tromagnetic transformation properties of the nonlinear fields). If one restricts 
the discussion to p-mesons and pions, = |pvyf, II = |7rf, and neglects 
the difference between e and e, one finds for the term involving the vector 
mesons and currents 



C 



vv 



afl Tr 



1 2 



4/; 



;BJ7T 3 (7TT) - (7T7f)r 3 ) 



+ 



(100) 



For the second equality in eq. (jlOOJl we have only retained terms quadratic in 
7r in an expansion of and we have replaced f by f n . The first expression in 
eq. ()100|) is actually more general than the result of the particular effective 
action (l42l) for which one has 



9p = 9, 

a = = — ?_Z!~24 X (101) 
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In consequence of the symmetries, additional interactions will change the val- 
ues of a a and g p without affecting the structure of the invariant. Such addi- 
tional interactions will also generate new invariants involving higher deriva- 
tives p. 

The contributions in eq with canonical dimension < 4 can be written 
in the form 

£vv = 7>M 2 p fyp VlM - eg n p^B p + \fn\WB^ 

+9pK*&(n x <9 M vf) + gWBi*(j? x d p n) 3 
+g /rr7T7T B^( y nif)p^ 3 - {fylf)ir 3 ) 

--ae 2 B^[(nn - tt|] + ... (102) 



with 



M p = a 9 2 p fl , 9frr = ag P fn , 9p™ = 7,ag P , 



m 2 B = ae 2 fl , g^l = -~ae , g n7Tn = ^aeg p . (103) 



The effective action ()42j) therefore leads to the very successful KSFR relation 

m, mi 

g n = 2f 2 g pn7T (104) 

which relates the decay p — > 2tt (with g p7r7r pa 6, see next section) to the 
electromagnetic properties of the p-meson, in particular the decay po e + e~ 
(with r(p -> e+e") = 6.62 keV and g^ = 0.12 GeV 2 ). 
The relation 



4 



requires a = 2.1, implying 



K = -g^Jl (105) 



Xo = 135 MeV. (106) 



One could use eq. (jlOlj) for an estimate of the relative octet contribution to 
the pion decay constant and eq. (joTIj) for an estimate of g 

x = 7 ; (T = 22 MeV , g = 6.3. (107) 

This should, however, not be taken too literally in view of possible sub- 
stantial Si7(3)y-violating effects from the nonzero strange quark mass. Also 
higher order operators may affect the relation (jlOl)) . Furthermore, one should 
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include the corrections from additional invariants. However, the possible ad- 
ditional invariants only affect the cubic and higher vertices, but not the mass 
terms. In particular, the relation 

9 Ml 

9n =9xi = — (108) 

will only be modified by S , f/(3)-violating effects. It can be used for an in- 
dependent estimate of g, yielding g = 6. Because of the relative robustness 
of this last estimate we will use the observed value of g n as an input and 
assume g = 6. All free parameters are then fixed by observation and the 
decay rate for p — > 2ir is a first "prediction" of our model. 

The electromagnetic 'yinr and 777T7t vertices also receive contributions 
from 

\flTi{D^D,U} = \d^d^ (109) 

+eB»{TT x «9 M 7?) 3 + ^^(vrvf - vr 2 ) + ... 

One sees that for a = 2 the two contributions ()102|) and ()109|) to the direct 
77T7T vertex cancel. The electromagnetic interactions of the pions are then 
dominated by p-exchange (vector dominance), in agreement with observation. 
Otherwise stated, our model leads for the direct 77T7r-coupling to the realistic 
relation 

9^ = e (l - '%f) ■ (HO) 
The vertex ~ g pl7T7T contributes 12 to rare decays like po - ► vr + 7r~7, with 

g fry-Kir &gpmv (in) 

We conclude that the electromagnetic interactions of the pseudoscalars as 
well as the vector mesons can be considered as a successful test of our simple 
model. The appearance of a local nonlinear reparameterization symmetry is 
a direct consequence of the "spontaneous breaking" of color. This symmetry, 
combined with the simple effective action (pl2"|) . has led to the KSFR relation 
()104j) and to vector dominance ()110|) . At this stage the relations of the above 
discussion should be taken with a 20-30 percent uncertainty. In particular, 
the S'?7(3)-violation due to the nonzero strange quark mass needs to be dealt 
with more carefully. Nevertheless, the p — > 2n decay and the electromagnetic 
decays are all consistent and have allowed us a first determination of the size 



12 This vertex is absent in ref. |18j . 
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of the octet condensate Xo- The octet condensate is larger than the singlet 
condensate and dominates the pseudoscalar decay constant /. 

Finally, the connection between the above discussion and the Higgs pic- 
ture developed in sect. EJis easily established if one realizes that the field 

G M = -V3Tr{QV lx } = V3Tr{Q(vAlJ + -d lx vv j <)} 

is the nonlinear correspondence of in sect. 0] With respect to the elec- 
tromagnetic gauge transformations it transforms inhomogeneously 

5 em G, = -^=-d^ = -\d$ (113) 

such that the linear combinations (|H7j) = cos 9 em G^ + sin 9 em B^, = 
cos OemB^ — sin 9 em G^ have the transformation properties of a heavy neutral 
boson and a photon 

6 em B ll = ^d l J3 , 5 em R^ = 0. (114) 

Inserting in Cy (|§3"j) = —^G^Q^v^ = and adding terms from covari- 

ant derivatives (|51|) involving B^ (cf. (jlUUp ). we recover Cfi (|55J with G M 
replaced by G M . The (extended) electromagnetic interactions of the baryon 
octet 13 read 

C VN ,o = eB„Tr {N 8 *f[Q,N & ]} 

+ ~gcose em R^ Tr {N s >f(N a Q + tg% m QN 8 )}. (115) 

One finds the standard coupling between the photon B^ and the baryons 
according to their integer electric charge. More generally, we conclude from 

eBp = e(S M + tg9 em R^) 

gGf, = g cos 9 em R^ - eB^ (116) 

that the charged leptons have a small direct coupling to a linear combination 
of the p°,u vector mesons corresponding to the term e tg9 em R^ in eB^. 
Similarly, the photon has a hadronic coupling from the term —eB^ in gG^. 
These mixing effects are governed by the coupling g lp ()104|) . 

13 We omit here terms involving the baryon singlet N± and take II = 0. 
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8 Vector mesons 



The vector mesons acquire a mass through the Higgs mechanism. They 
are also unstable due to the decay into two pseudoscalar mesons. Their 
interactions are contained in Ly (}9"3"j) . In particular, the cubic vertex between 
one vector meson and two pseudoscalars is 

2 

C Vnn = 2^Tr{t/%} = -^Tr{[n,9 M n]^} 

= -2z^Tr{[n,^n]^} (117) 



with 

9 Xl M p 

g P mr = = o To " (H8) 



Considering only the effective action ()42|1. one has Kf = 1 and would infer 



9x ' - ^ 1/2 



*»=u(TT^ 4 - 6 U^J ' (119) 

If we restrict these interactions to the p-mesons = \pvyT and pions 
U=^tit, t> M = 4^2(7? x 9 M 7r)r, we obtain the familiar form 



/7 V' 

£ p7r7r = TrPi^jk^d^ Py = dpTTTT^ X d^)pty. (120) 



/2 

2/ 

It is straightforward to compute the decay rate p — > 27r as 



q 2 (M 2 - 4M 2 ) 3 / 2 
T(p - vrvr) = ^ P M2 ^ * 150 MeV (121) 

and one infers the phenomenological value g p7T7T ~ 6.0. The discrepancy with 
eq. ()119j) reflects the difference between the realistic value a ~ 2 and a value 
of a which would result from ()101|) for Kf = 1, f n = f. The estimate ()119|) 
receives, however, important corrections. Omitted 5'?7(3)y-violating effects 
from the strange quark mass result in corrections ~ 30 %. Furthermore, 
since eq. ()101|) is no symmetry relation, it is subject to modifications from 
the inclusion of additional fields. It is precisely the inclusion of these effects 
in eq. ()101|) (i.e. /,//, Kf < 1) that makes the prediction of our model for 
Qfm-K agree with observation. 

The effective coupling between p-mesons and baryons (|9*3*jl obeys 

C RNp = -| Tr {N 8 YN 8 r}p Vfl (122) 
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where we omit from now on electromagnetic effects. This implies that the 
effective action (}4*2*|) does not contain a direct coupling of the p-mesons 
to protons and neutrons. The p-mesons only couple to strange baryons 
why the nucleon-nucleon interactions in the vector channel are mediated 
by the exchange of the tu-meson. In the approximation of the effective ac- 
tion (|42|) possible contributions to the nucleon-nucleon interactions in the 
isospin triplet vector channel could only arise through two-pion interactions 
~ Tr {N 8l ^N 8 }. 

More generally, one may compute in our model the effective nucleon- 
nucleon interactions and compare them with experimental information. The 
exchange of the mesons generates effective vertices for nucleon-nucleon scat- 
tering in the form of terms ~ (NN) 2 . For their determination one should 
solve the field equations for IT and as functionals of the baryon fields N 8 
in bilinear order ~ iVgiVg. The solution has to be reinserted into the effective 
action. As a result of this procedure one finds nucleon-nucleon interactions in 
the pseudoscalar channel and in the isospin-singlet vector channel mediated 
by the exchange of Vg M but not in the isospin-triplet vector channel. (The-cx 
exchange term in the scalar channel is also contained in our model once the 
non-Goldstone scalar excitations in <p and \ are included.) This absence of 
isospin-triplet vector channel nucleon-nucleon interactions seems not to be 
consistent with observation [20] but the size of the relevant coupling remains 
debated. 

In summary, three shortcomings indicate that the effective action (}4*2*)) 
gives only an insufficient picture of the hadronic interactions in the vector 
channel: (i) the absence of a physical S'?7(3)-singlet vector state (the ninth 
vector meson), (ii) the inaccurate estimate of the parameter a in eq. for 
Kf = 1, (iii) the absence of nucleon-nucleon interactions in the isospin-triplet 
vector channel. In addition, no axial- vector mesons are present. These short- 
comings can be overcome once we include the effective four-quark interactions 
in the color singlet vector and axial-vector channel. The successful relations 
(|104jl . (jllOj) and (jlllj) can be maintained, whereas the parameter a and the 
relation between M p , g p7rn and f w will be modified. Mixing effects with the 
divergence of the axial vector induce the correction (J82*j) and therefore Kf < 1. 
The effects from vector and axial- vector four-quark interactions are discussed 
in detail in jilj. Besides the "partial Higgs effect" (jS2| they account for the 
missing nucleon-nucleon interactions in the isospin triplet channel. They 
also contain the missing ninth vector meson, i.e. the <S77(3)c-singlet state, 
as well as the axial-vector mesons. Unfortunately, the additional effective 
interactions are parameterized by new unknown couplings. 

At this point we also can make the connection to the formulation in sect. 
2 which uses only gauge invariant composite operators. Indeed, we may in- 
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troduce additional fields for the gauge singlet fermion bilinears transforming 
as a vector 

Pi ~ ^PlI^l , P R ~ ^7^k- (123) 

Neglecting the axial vector degrees of freedom this will lead to an effective 
action 14 T[A^, (p, %, p] which depends in addition on the fields 

p" = ^(p"l + p"r)- (124) 

In presence of the "octet condensate" the fields p M and (more precisely 
p M and V^) will mix and the low mass physical vector mesons correspond to 
an appropriate linear combination. One may reduce the degrees of freedom 
in the effective action by solving the field equations for one of the vector 
fields in presence of the other and reinserting the result into the effective 
action. After elimination of p^ in favor of the effective action (J4*2*|) may 
be viewed as the lowest order in a derivative expansion for the octet vector 
mesons. The missing couplings and the singlet vector meson are provided 
by p^ 0. In contrast, the formulation of sect. El in terms of gauge invariant 
vector fields is recovered if we eliminate A^ and x m favor of p^, tp, i.e. 
T[A^,ip,x, p] — * T[v 9 ?p]- The result is then precisely the effective action for 
the gauge invariant bilinears similar to sect. 121 From there we can extract 
directly the gauge invariant correlation functions as "measured" , for example, 
on the lattice. 

More in detail, the mixing between p M and A^ 1 results from invariants of 
the type pQ 

{D^xYijabXijacipDcb + Xlp 11 ^. (125) 

Expanding the effective action in terms quadratic in A^ and p M one obtains 
C pA = l -M 2 p»p, + l -A^-d 2 + g 2 xl)A, - (3 X yA, + ... (126) 
This leads to a lowest order field equation for A 11 

(-d 2 + g\lW = Pxlp". (127) 
Reinserting the solution into C p a (|12fij) we find the term quadratic in p M 
1 M 2 

£ P = X2~7 2 2 (~9 2 + 9\l ~ P\VM 2 )p,. (128) 

z ° ~r 9 AO 

14 See ref. pQ, appendix A for a detailed description of the structure of the effective 
action in presence of including a discussion of axial vectors. 
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It is now straightforward to extract the p-meson mass from the field equation 
for p M 

(-0 2 + m 2 p )pv = 0. (129) 

We see that the effective mass fh p is essentially the one found from the 
effective action flU)) , with a correction ~ ft 2 due to the mixing effect 

K = (130) 

In summary, the effective action in presence of the scalar color octet field \ 
can also be considered as an intermediate step for the computation of the 
action for gauge singlet qq bilinear s. 

9 Interactions of pseudoscalar mesons 

The cubic interactions between the pseudoscalar and the baryon octets are 
usually parameterized by 

C$ = F Tr{iV 87 V[5 M ,iV 8 ]} + J D Tr{iV 87 VK,iV 8 }}. (131) 

Experimental values are F = 0.459 ±0.008 and D = 0.798 ±0.008. The effec- 
tive action (J4~2")l leads to (cf. eq. (jHHI)) F = D = 0.5. This can be considered 
as a good achievement since these couplings remain completely undetermined 
by the chiral symmetry. Also the reparameterization symmetry does not re- 
strict the coupling constants F and D. (This contrasts with the coupling of 
the vector current v^.) In our context the relation F = D = 0.5 is directly 
connected to the origin of these couplings from the quark kinetic term and 
therefore to quark-baryon duality. The partial Higgs effect provides for a 
correction F + D = 1 ± y^ and one infers y^ ~ 0.26 pp. Contributions to 
D — F pa 0.34 have to be generated from other higher-order invariants, as, for 
example, a momentum-dependent Yukawa coupling involving D^x- We note 
that D — F contributes to the rpnucleon coupling but not to the interaction 
between protons, neutrons and pions. The latter can be written in a more 
conventional form with the nucleon doublet M T = (p, n) and a M restricted to 
a 2 x 2 matrix (by omitting the last line and column) 

g A = F + D. (132) 

The inclusion of weak interactions will replace the derivative in the definition 
1)76)1 of a M by a covariant derivative involving a coupling to the IV-boson pQ. 
The constant g A will therefore appear in the /9-decay rate of the neutron. 
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The vertex responsible for the decay of the baryon singlet S° — ► 
involves no 7 5 as appropriate in our conventions for a baryon with opposite 
parity 

C s ^ = -^=Ti{N 8 a fl }YS° + h.c. 

'S + ^7r + + Z-d^n- + S ^7T°)7^5 + h.c. (133) 



It involves no additional parameter such that the decay width is computable. 

For a discussion of the self-interactions of the pseudoscalar mesons we 
first expand eq. (j$T|) in powers of II = ^H Z X Z 

£ W = ^Tr{^exp(-yn)^exp(^n)} (134) 

= Tr{d^Ud„U} + -1 Tr {d^d^U 2 - jW^n 3 } + ... 
J 3 

Similarly, the current quark mass term (J55j) contributes 

f 2 1 

A = Tr{Mj ) n 2 }-Tr| I Mn 4 | + ... 

M ( 2 p) = 2Z^ 1/ \<T f- i fh. (135) 

This yields the low-momentum four-pion interactions. Further effective in- 
teractions arise from the exchange of vector mesons according to eq. (}93|) . 
They are obtained by substituting in C for the vector meson fields the 
solution of the field equation in presence of pseudoscalars 

V ll = —?-Gf v v v + ... (136) 
Here the vector meson propagator G^ p > obeys 

gw "[(jijj - d 2 )s: + djr\ = 5;. (137) 

One obtains 

L v = Ti{dJJ ] d»Ud u U ] d v U - dM ] d u Ud»U ] d v U\ 

16g 2 

= [6 Tr{^C/t^C/^C/t^C/} - (Tr^t/W}) 2 

-2Tr{9 M [/ t 5 l/ C/} Tr-^t/^C/}]. (138) 



36 



From eq. (j!38|) one can infer the contribution of Ly to the parameters Lj 
appearing in next to leading order in chiral perturbation theory [21] 




1 




1 




3 



(139) 
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We observe that the constants depend only on the effective gauge coupling g. 
For g = 6 the values L { p = 0.87- 10" 3 , Lp = 1.74 • KT 3 , lJ° = -5.2 • 1(T 3 
compare well with the values [22] extracted from observation L\ = (0.7 ± 
0.3) -lO" 3 , L 2 = (1.7±0.7)-10" 3 , L 3 = -(4.4 ±2.5) ■ 10~ 3 . This is consistent 
with the hypothesis that these constants are dominated 15 by vector-meson 
exchange [21]. The momentum dependence of the effective four-pion vertex 
extracted from inserting eq. ()136|) describes the fact that the tc — tt scattering 
at intermediate energies is dominated by the p-resonance. We conclude that 
the simple effective action f42|) gives a very satisfactory picture of the pion 
interactions even beyond lowest order in chiral perturbation theory! 

10 Conclusions and Discussion 

The "spontaneous breaking" of color seems to be compatible with observa- 
tion. The simple effective action (|4*2*|) gives a realistic approximate description 
of the masses of all low-lying mesons and baryons and of their interactions. 
Gluon-meson duality is associated to the well-known Higgs phenomenon with 
colored composite scalar fields, corresponding to quark-antiquark pairs. 

The most important characteristics of our scenario can be summarized in 
the following points. 

(i) The Higgs mechanism generates a mass for the gluons. In the limit of 
equal (current) masses for the three light quarks the masses of all gluons are 
equal. The massive gluons transform as an octet with respect to the physical 
SU(3)-symmetry. They carry integer electric charge, isospin and strangeness 
and can be identified with the vector meson octet p, K*,u. 

(ii) The physical fermion fields are massive baryons with integer electric 
charge. The low mass baryons form an octet with respect to the SU(3)- 
symmetry group of the "eightfold way". In a gauge-invariant language the 
baryons are quarks with a dressing of nonlinear fields. In a gauge-fixed version 
quarks and baryons can be described by the same field. This is quark-baryon 
duality. The main contribution to the mass of these baryons arises from 
chiral symmetry breaking through quark-antiquark condensates in the color 

15 Further contributions arise from the exchange of scalars and have been estimated |2.'{j 



as L*2 — 0, -^3 



1.3 • 10" 3 . 
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singlet and octet channels. These considerations extend pQ to the heavy 
quarks c,b,t, except that the mass is now dominated by the current quark 
mass. The lightest charmed baryons (and t-baryons) belong to a SU(3)- 
antitriplet with electric charge 0,1,1. Correspondingly, the S"?7(3)-antitriplet 
of the lightest 6-baryons carries electric charge -1,0,0. 

(hi) Our scenario shares the properties of chiral symmetry breaking with 
many other approaches to long-distance strong interactions. In particular, 
chiral perturbation theory is recovered in the low energy limit. This guar- 
antees the observed mass pattern for pions, kaons and the r^-meson and the 
structure of their (low momentum) interactions. 

(iv) Spontaneous color symmetry breaking generates a nonlinear local 
5*?7(3)p-reparameterization symmetry. The gauge bosons of this symmetry 
originate from the gluons. They form the octet of low masses physical vector 
mesons. The symmetry relations following from SU(3)p symmetry appear 
in the electromagnetic and strong interactions of the vector mesons and lead 
to vector dominance. They are compatible with observation and provide for 
a successful test of our scenario. 

(v) Weak interactions can be incorporated naturally in our framework 
p. The AI = 1/2 rule for the weak hadronic kaon decays turns out to be 
a consequence of the properties of the lowest dimension operators which are 
consistent with the symmetries. 

Beyond the important general symmetry relations arising from chiral sym- 
metry and the nonlinear local reparameterization symmetry the simple ef- 
fective action fi2"|) leads to particular predictions. They are related to the 
assumption that the effective action can be described in leading order by ef- 
fective couplings with positive or zero mass dimension. (This counting holds 
if composite scalar fields are counted according to the canonical dimension 
for scalar fields.) For this purpose we fix the parameters Xoj <j o an d g by 
M p , f n and T(p — > e + e~). More precisely, we use here eqs. (5.16), (5.17) 
(7.14) with M p = 850 MeV, f = 128 MeV, g n = 0.12 GeV 2 . In addition, 
the Yukawa couplings h,h are fixed by the baryon masses M§,Mi (cf. eq. 
(4.10)) whereas the strength of the chiral anomaly v and v' determines M 2 , 
by eq. (5.19). (The precise ratio v' jv is not relevant here.) For equal quark 
masses we concentrate on the following predictions of eq. (j42j) which are not 
dictated by symmetry considerations: 

(1) The pion nucleon couplings are found as F = D = 0.5 to be compared 
with the observed values F = 0.459 ± 0.008, D = 0.798 ± 0.008. 

(2) The decay width T(p — > 2tt) = 115 MeV turns out to be somewhat 
lower than the observed value of 150 MeV. (Note that we use here directly 
eq. ()118j) and Kf equals one in leading order, such that g pn7T = 4.6.) 

(3) The direct coupling of the photon to pions is suppressed g 77r7 r/e = 0.04 
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(by virtue of eq. (jllOj) with M p — > M p , f n — ■> / ). This phenomenon of vector 
dominance describes well the observations. 

(4) The effective next-to leading order couplings Li,L 2 ,L 3 of chiral per- 
turbation theory come out compatible with observation L2 = 1.7 ■ 10~ 3 , L3 = 
-(3.9 - 5.2) • 1(T 3 . 

For a first approximation we consider the effective action (}4*2*j) as very 
satisfactory. Corrections arise from two sources: (a) The nonequal quark 
masses break the physical global 5*?7(3)-symmetry (b) Higher order invari- 
ants are certainly present in the full effective action. Some of the correc- 
tions are known phenomenologically as, for example, the partial Higgs effect 
which reduces the average meson decay constant from f to the mean value 
/ = (/ 7r + 2/ A -)/3=106 MeV. Together with the further lowering of f n as com- 
pared to / by SU(3)v violation this leads to a realistic value of T(p — > 2%). 
The neglected higher-order invariants can be used to improve the agreement 
with observation. Typically, these corrections are below 30 %. 

Many more observable quantities could be computed from the effective 
action (JUJ), especially if we take into account the effects of S77(3)-violation 
due to the strange quark mass [2Sj. (This will involve additional parameters 
in the effective potential beyond <To and xo-) We will rather give here an 
outlook on some key issues for future theoretical developments. At the end, 
the parameters of the effective action P2*J) should be computed from the 
microscopic action of QCD. Their values can only depend on the strong 
gauge coupling (or Aq C d) and the quark masses. A first attempt based on 
an instanton computation [26 j gives a rather satisfactory result for the value 
of the gluon/vector meson mass M p and the associated value of the octet 
condensate xo- It a l so yields reasonable values for the < qq >-condensate 
in the singlet channel and for the mass and two-photon-decay width of the 
//-meson. 

An interesting question concerns a variation of the quark masses. For 
a large value of the strange quark mass m s (and small up and down quark 
mass) an interesting Higgs picture of QCD for Nf = 2 has been proposed in 
|2*7j . If all quark masses get heavy there should be a transition to gluody- 
namics (Nf = 0) which presumably is characterized by an effective infrared 
cutoff different from the octet condensate relevant for Nf = 3. This raises 
interesting issues for the behavior of the heavy quark potential as the quark 
mass is varied [2E] which can perhaps be tested by lattice simulations. Other 
possible lattice tests concern the equivalence of the Higgs and confinement 
pictures. One may introduce "fundamental" scalar octets with the trans- 
formation of x together with a classical potential. This would allow one to 
move continuously from the Higgs phase with a value of xo independent of 
QCD to the QCD universality class which can be realized in this setting by 
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a large positive mass term in the classical potential for x- For this purpose 
one could vary the octet mass term from large negative to large positive val- 
ues. A smooth transition form the Higgs phase to the QCD-universality class 
would be a strong argument in favor of the possibility of a Higgs description 
for the vacuum of real QCD. 

Finally, our approach has all ingredients for an analytical investigation 
of the QCD-phase diagram. One and the same model can describe both 
quarks and gluons at high temperature T and hadrons for low T. The cru- 
cial qualitative change at the high temperature phase transition (for small 
baryon density) is the formation of the octet condensate as the temperature 
is lowered below the critical temperature T c . For T > T c one has Xo — and 
do takes a small value which vanishes in the chiral limit of vanishing quark 
masses. Both gluons and quarks are massless. In contrast, the hadronic phase 
at T < T c is characterized by nonvanishing xoi °o and resembles the vacuum 
described in this work. Since the "octet melting" for T > T c accounts simul- 
taneously for both the quarks and the gluons becoming massless 16 one finds 
a convincing explanation for the equality of the "chiral restoration tempera- 
ture" and the "deconfinement temperature" observed in lattice simulations. 
A first quantitative computation of T c in our model (mean field calculation) 
yields T c « 170 MeV pSj. 

A similar computation for a nonvanishing baryon chemical potential still 
needs to be done. Recently a strong argument has advocated that the criti- 
cal temperature equals the chemical freezeout temperature and therefore has 
been measured experimentally jHOj- An extrapolation of this argument to 
the experiments at large baryon density (AGS) suggests a very simple phase 
diagram for QCD: A first order line separates the high-temperature quark 
gluon plasma (in our picture Xo — 0, cr small) form the hadron gas (xo? °"o 
close to vacuum values). This line coincides for small T and large baryon 
density (//b ~ m n ) with the first order line between the hadron gas and 
nuclear matter (nuclear gas and nuclear liquid). Nuclear matter for T = 
is characterized by an additional diquark condensate < d^d^ > which 
spontaneously breaks the global symmetries of baryon number and isospin 
while conserving strangeness. In the dual hadronic description of our model 
this diquark condensate corresponds to a neutron-neutron condensate. Nu- 
clear matter (or the nuclear liquid) is superfluid due to the Goldstone boson 
associated with the spontaneous breaking of the third component of isospin 
J 3 . (Neglecting the up and down quark masses and electroweak interactions 
one would have three Goldstone bosons [22] associated with the spontaneous 
breaking of global S77(2)-isospin symmetry.) The existence of a symmetry 

16 This issue has been related to the idea of "vector manifestation" 1281. 
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breaking order parameter implies that the nuclear matter phase is separated 
by a true phase transition line from the quark gluon plasma at high tem- 
perature and high baryon density. This phase transition may be second 
order in the 0(2)-universality class. Critical fluctuations could characterize 
the point where this line meets the first order transition between the quark 
gluon plasma and the hadron gas. (Often critical fluctuations are associated 
to an endpoint of the transition between a nuclear liquid and a nuclear gas.) 
Finally, for low temperature and baryon density substantially larger than nu- 
clear density one expects a further transition to a "color-flavor-locked" color 
superconductor [Jj. This is distinguished from nuclear matter by (approxi- 
mate) SU(3) symmetry. The superfluidity in this phase originates form the 
spontaneous breaking of baryon number while -Z3 remains unbroken. In the 
limit of equal quark masses m s = = m u the separate phase of nuclear 
matter with broken J 3 disappears and the color superconducting phase con- 
nects directly to the hadron gas, with an octet condensate present in both 
phases [T. 

Substantial work remains to be done before the Higgs picture of the QCD 
vacuum can finally be accepted. Our hypothesis could be falsified if it leads 
to a direct conflict with the confinement picture, lattice simulations or ob- 
servation. A better understanding of the nonlinear fields v, Wl, Wr relating 
quarks to baryons is needed in order to establish the connection to the suc- 
cessful picture of the nonrelativistic quark model and to address basic issues 
like the structure functions in high energy hadron scattering. 
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